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An approach to reducing the harmonic distortion in frequency-doubled triangular-shaped pulse train
generation is proposed. It requires a dual-parallel Mach—Zehnder modulator followed by a section of dispersive
fiber, as the key component. The basic principle is to make the expression of optical intensity approximately
equal to the Fourier expansion of idea triangular-shaped waveform. A detailed expression of the final opti-
cal intensity is given by theory and then verified by simulation. It is found that the impact of the undesired

harmonic distortion is greatly reduced.
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Photonic generation of triangular-shaped pulse, which
is characterized by its linearly upping and falling edges
in waveform, has already attracted many researcher’s
attention due to its applications in all-optical pro-
cessing and manipulation (i.e., all-optical conversion,
pulse compression, and signal copying)® . Various ap-
proaches have been proposed to generate triangular-
shaped pulses. They can be classified into two major
categories, one of which uses spectrum pulse shaping
methodP 7, which requires pulse laser (or mode-locked
laser) as light source. However, these prototypes suffer
from expensive cost and poor repetition rate tunability.
Besides, the generated pulse train has a small duty cy-
cle (<1), which will need pulse stretch (duty cycle = 1)
when used in time-division multiplexing to wavelength-
division multiplexing conversion® or in pulse doubling!*.
The second category uses continuous wave (CW) laser
as light source. For instance, Dai et al. reported a
versatile waveform generator based on comb genera-
tion. Using this technique, triangular-shaped pulses
with tunable repetition rate can be generated. But the
proposal requires large signal modulation to obtain
comb-like spectrum. In Ref. [9], we reported a triangu-
lar-shaped pulse train generator using a dual-parallel
Mach—Zehnder modulator (DP-MZM). Its key principle
is to manipulate the frequency harmonics in the optical
intensity roughly equal to the Fourier components of
an idea triangular-shaped waveform, which to the best
of our knowledge can be considered as the harmonic
fitting employed in triangular-shaped pulse generation.
However, since two radio frequency (RF) signals with
different frequencies (f,, and 3f,.) are required in the
RF modulation, the proposal is complex. The theory
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of harmonic fitting has already been used in recent
research studies, for example, Pan et al.l'” proposed
a triangular-shaped pulse train generator also using a
DP-MZM. Unlike the prototype in Ref. [9], it requires
only one RF signal (f,,) as the driving signal, which
will simplify the setup., Then Liu et al.' reported an
optical triangular waveform generator using a polariza-
tion modulator (PolM) in a Sagnac loop and Li et al.l'
proposed a photonic approach to generate triangular-
shaped waveform signal based on a DP-MZM and opti-
cal filtering technique. These approaches in Refs. [8-12]
are simple and characterized by continuous tunability
of repetition rate. However, the disadvantage is that
the repetition rate of generated pulse train is pretty
low, equal to the driving frequency. Since an electro-
optical modulator (MZM or PolM) is the basic compo-
nent in these schemes®'?, the repetition rate tunable
range is highly limited by the bandwidth of the modu-
lator. Then in Ref. [13], we used a dual-drive Mach—
Zehnder modulator (DD-MZM) to generate lightwaves
with frequency-doubled optical carrier suppressed
(OCS) modulation, then a section of dispersive fiber
was connected to remove the undesired 4th harmonic
in optical intensity. However, due to the extinction ra-
tio of the modulator, undesired harmonic distortion is
very strong, which will lead to power oscillation and
waveform distortion of the generated pulse train. Thus,
the fiber dispersion is required to be properly adjusted
(ie., p,L = —5n/80Q%). In that case, the impact can
be reduced to some extent. Later, Li et al.l*l report-
ed an approach to generating full duty-cycle trian-
gular waveform based on a microwave photonic filter
(MPF) with negative coefficient in their latest research.
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The pulse repetition rate is also two times that of
driving frequency. But the approach based on a MPF
can only generate electrical pulse train, not optical one.
Additional electrical-to-optical conversion is required
for all-optical processing application.

In this work, another approach to reduce that impact
is proposed and analyzed. It requires a DP-MZM (also
known as a LiNbO, DQPSK modulator) followed by a
section of single- mode fiber (SMF), as the key compo-
nent. Different from the DD-MZM, one typical DP-MZM
consists of two child MZMs (MZM-a and MZM-b)
embedded on the parent MZM (MZM-c). To realize
the OCS modulation, MZM-a, MZM-b, and MZM-c
should be all biased at the minimum transmission point
(MITP). After modulation, there will be less undesired
optical sidebands left in optical spectrum. Less unde-
sired optical sideband also means less harmonic distor-
tion in optical intensity. In our case, the improvement
is conductive to a stable pulse train generation, for
instance, the power oscillation of the pulse train will
be much smaller and the shape will be much closer
to the idea triangular-shaped waveform. To investigate
its mechanism, a detailed expression of optical intensity
is given. The performance of generator is analyzed by
theory and then verified by simulation. It is shown that
the harmonic distortion can be greatly reduced (from
16% to less than 16%).

Figure 1 shows the schematic diagram of the proposed
frequency-doubled triangular-shaped pulse train genera-
tor. The key component is a DP-MZM followed by a
section of SMF. The modulator consists of two child
MZMs, that is, MZM-a in upper branch and MZM-b in
lower branch, and a parent MZM (MZM-c). Because of
the x-cut design, they are configured for the push—pull
operation, and each has independent DC bias.

Suppose that the driving signals from the local os-
cillator (LO) is V, (1) = V,sinQt, where V,, and
) = 2xf, . are the magnitude and angular frequency of
LO. It is assumed that the extinction ratios of all three
MZMs are identical. To realize OCS modulation, all
three MZMs should be biased at MITP (V,

bias-a bias-b

= V... = V). In that case, optical field at the output

bias-c

of DP-MZM can be concluded as
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Fig. 1. Schematic diagram of the proposed frequency-doubled
triangular-shaped pulse train generator with reduced harmonic
distortion using a DP-MZM. PC, polarization controller; OSA,
optical spectrum analyzer; ESA, electrical spectrum analyzer;
OSC, oscilloscope.

and E(t) = Eexp(jo,t) represents the input optical
field, where E; and w, denote its amplitude and
angular frequency, and is the modulator’s inser-
tion loss. I' = (1- 1/\/—” )/2 represents the power
splinting (comblnlng) ratio for the input and out-
put Y-branch waveguides, where e is the extinc-
tion ratio. Besides, the parameter m=zV ,/2V_ is
defined as the modulation index, where V_ is the
half-wave switching voltage of DP-MZM. Note that
even-order harmonic sidebands (in Eq. (2)) are al-
most suppressed, that is, n = even number. Then
the lightwave is coupled to a section of SMF. Its
transmission function can be found in Ref. [15]
(neglecting the constant phase and higher order
terms). Then the optical field becomes

3)

where f, = A 2D/(2zc), 4, is the optical wavelength, ¢
is the speed of light in vacuum, L is the fiber length,
and D is the chromatic dispersion parameter. As has
been demonstrated in Ref. [9], to obtain triangular-
shaped waveform, the modulation index should be ad-
justed to m = 2.305. In that case, the optical sidebands
higher than 3rd order (|n|>3) are negligible. Thus, by
only considering optical sidebands with order of up to
3rd (|n|<3) in E,(f), optical intensity as a function of
can be concluded as

o . .1 9 2
E,(t)es ¥ a eXp(ant + jon”,LE ),

n=—co

I(t) o< B a, + 2 a } [a,{z cos(2Qt)+a3 cos(6Qt)}

Desired Harmonics
—[ 1, sin (Q2) + ., sin (3021)
+1,, sin (4Q1) + I, sin (5Q1) |

Undesired Harmonics

In the expression of optical intensity I(¢), the magni-
tude of the undesired harmonics (I, I and L)

307 497
can be considered as the distortion:

I, =2a,a, sin [%BQLQQJ + 2a,a, sin (%[)’ZLQQJ

- (5
+2a,a, sin [jﬂZLQZJ ) (5)

I,,=2a,a, sin (%ﬁzLQQJ - 2a,a, sin (%ﬁzLQZJ , (6)
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I,, = 2a,a, cos (4ﬂ2L92) - a; , (7)

I, = 2a,a, sin (%ﬁgLQ2J . (8)

As stated in Eq. (2), the magnitude of even-order side-
band (n = even number) is negligible. Thus, the pri-
mary distortion is induced by the 4th order harmonic.
To minimize that impact, the fiber dispersion should be
adjusted to

(2k+1)m
8Q2

By substituting Eq. (9) into Egs. (5)—(8), we will focus
on the impact of undesired harmonic. To do this, we
have to calculate the upper limit (i.e., maximum val-
ue) of I(t) and I(t), where I () represents the desired
harmonics and I(t) denotes the undesired harmonics
(I, is considered as negligibly small), as

k=0,1,2, 3,. (9)

|ﬁ2L| =

2ao+20L +a) +2a; (10)

1,max

Lo == Tg+ Iyl (11)

2,max |

Figure 2 shows the ratio of I "m/ | max? which represents
the impact of harmonic dlstortlon versus the coefficient
kin Eq. (9) at ¢ of 20, 25, 30, and 35 dB. As a compar-
ison, Fig. 2(a) shows the results using a DD-MZM has
been demonstrated in Ref. [13]. When ¢_is higher than
20 dB, the harmonic distortion can be controlled within
16%. Figure 2(b) shows the results using a DP-MZM.
Note that the harmonic distortion has been greatly re-
duced (less than 16%0). By using our work, it is even
unnecessary to adjust the dispersion coefficient k, since
the existing distortion is too small that no extra pro-
cedure is required. This feature may be useful in case
the driving frequency is required to be low (i.e., f=5
GHz). Using the approach in Ref. [13], the optimum
dispersion (|f,L| = 1989.4 ps® at f=5 GHz) is at least
five times more than this work (|f,L] = 397.88 ps’ at
f="5 GHz).

To investigate the impact of harmonic distortion, Fig. 3
shows the temporal waveform of I(t) (e.g., taking
e =25dB and k= 0 in Eq. (9)). The bold line denotes
the result in Ref. [9]. Note that a relative high-power
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Fig. 2. Ratio of 1, /I versus the coefficient k at e of 20,
25, 30, and 35 dB using the approach in (a) Ref. [9] and (b)
this work.

oscillation exists in the temporal waveform (bold line).
Besides, it can be simply measured that the primary
distortion comes from the 1st order harmonic, sinQ2¢. In
our work (dotted line), the power level of pulse train is
stable. Thus, the stability of the generated pulse train

has been improved by using our work.

According to the pre-condition in Eq. (9) (i.e., k= 0),
Fig. 4 illustrates the required dispersion f,L versus
driving frequency f,.. Using this relationship, the rep-
etition rate’s tunability can be realized by tuning f,L
and f,,, simultaneously. For instance, when f . is tuned

to 10, 20, and 30 GHz, the required f,L is supposed to

be adjusted to —99.5, —24.9, and —11.1 ps?, respectively.
Without considering the distortion, the optical inten-
sity in Eq. (4) can be rewritten as

I(t) e {1 a + Z a }— a; | cos(2Qt )+ o L cos(6Qt)| . (12)
2 n=l a?
When modulation index m is adjusted to 2.305, we can
get a’= 9a,°. Considering @ = 2(2, we can express an
idea triangular-shaped pulse train, 7(t), by using I(t)
in Eq. (12) as

Tz

+%cos(5a)t)+~- (13)

Note that only two harmonics (w and 3w) are employed
to fit the idea triangular-shaped waveform in our case
(in Eq. (12)), which corresponds to n = 2 in Eq. (13).
As a comparison, Fig. 5 shows the calculated gradient
of T(t) at different n = 2, 3, 10. It is shown that the
gradients are supposed to be constant across the up-
and falling edge of the pulse train once the coefficient
n is equal to 10. However, such a difference is small
since the high-order harmonics (5w, 7w, and so on)
have a small contribution on the final waveform. There-
fore, the output optical intensity is characterized by
triangular-shaped waveform. The repetition rate is two

times that of driving frequency f, .
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Fig. 3. Temporal waveform of I(¢) using the approach in Ref.
[9] (bold line) and this work (dotted line). e = 25 dB and
k=0 in Eq. (9).
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according to Eq. (9) and &k = 0.

We compare and verify two approaches, one in Ref.
[13] and one in our work, by simulation. The software
we use is Opti-System 10.0. All parameters’ setting are

listed in Table 1.

In Case A, a lightwave from a CW laser source at
center wavelength of 1550 nm, power of 10 dBm, and
linewidth of 0.8 MHz is coupled to a DD-MZM. The
modulator has an insertion loss of b= 4.5 dB, a half-
wave voltage of RF V__. =4 V, a half-wave voltage of
DC V_,.=10V, and an extinction ratio ¢ = 25 dB. To
realize the OCS modulation, the bias state of DD-MZM
is supposed to be MITP, which means V, = 10 V.
Then a RF signal operating at a frequency of f,, =10 GHz
is firstly applied to a 180° hybrid coupler and then
drive the modulator. The applied LO voltage is
Vo = 4.15 V, corresponding to the modulation index
m=xV,,/2 V_u = 2.305. Then the lightwave is cou-
pled to a section of SMF (B,L = -99.5 ps?). Optical
spectrum and temporal waveform are captured by an
optical spectrum analyzer (resolution bandwidth 0.005
nm) and an ultra-high-speed oscilloscope (sample rate
1.28 THz). Besides, we use a broadband photodiode to
detect the pulse train. An electrical spectrum analyzer is
used to measure the electrical spectrum. All the results
are shown in Figs. 6(a), (c), and (e). As demonstrated

1

TENN kXY
038 (ANASANAR
. PN
S 46 TH ; R
2 H |
= v "
X 04 3 3
S ¥ E
=
S 02
£
=
< 02
N :
£ -0.4 -.1'
S ® K]
=~ Ve )
& 061413 11
s PRI PN 2 (R T S PP n=2
PRAAAALANS ———=3 1
-0.8 ¢ W NN n=3
v FORSR N
3, o & —n=10

10 01 02 03 04 05 06 07 08 09 1
Time (normalized by 2n/v)

Fig. 5. Calculated gradient (normalized by ) of T(t) at differ-
ent n =2, 3, 10.

Table 1. Parameters’ Setting

Symbol Case A Case B
A 1550 nm 1550 nm
" 10 dBm 10 dBm
A 0.8 MHz 0.8 MHz
e, 25 dB 25 dB
L 4.5 dB 4.5 dB
V oo 10V 10V
Vi 10V -
Vi - 10V
Vi - 10V
Vi - 10V
Vi 4V 4V
Vi 415V 587V
Jar 10 GHz 10 GHz
B, —20 ps?/km —20 ps?/km
L 4.975 km 4.975 km
a 0.2 dB/km 0.2 dB/km

Case A represents the approach in Ref. [13] and Case
B in this work.

in Refs. [8-13], we only need to focus on the power
difference between Zlst and #3rd order sidebands in
Fig. 6(a), and make sure it is roughly 9.5 dB. It has to
be mentioned that the harmonic distortion is induced
by the undesired even-order (+2 and +4) optical side-
bands in Fig. 6(a). In Fig. 6(c), the distortion is charac-
terized by power oscillation of pulse train, which agrees
well with the calculated results in Fig. 3. The harmonic
feature of I(¢) can be observed in Fig. 6(e). Power dif-
ference between the 2nd and the 6th order harmonics is
around 19 dB, which also agrees well with the experi-
mental results in Ref. [10]. The undesired harmonics
include 1st, 3rd, and 5th orders, which will be removed

by using our work.

As a comparison, in Case B, we replace the DD-MZM
with a DP-MZM. As shown in Fig. 1, a lightwave from
a CW laser source at a central wavelength of 1550 nm,
power of 10 dBm, and a linewidth of 0.8 MHz is coupled
to a DP-MZM. The DP-MZM has an insertion loss of t
= 4.5 dB, a half-wave voltage of V =4V, and an extinc-
tion ratio & = 25 dB. As stated above, MZM-a, MZM-b,
and MZM-c are all biased at MITP, V.. = V.

bias-a bias-b

V. =10 V. A RF signal operating at a frequency of

bias-c
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Fig. 6. Simulation results using the approach in Ref. [13]: (a)
optical spectrum, (c) temporal waveform, and (e) electrical
spectrum. Simulated results using the approach in this work:
(b) optical spectrum, (d) temporal waveform, and (f) electrical
spectrum.

Jup = 10 GHz is firstly applied to a 180° hybrid cou-
pler and then drive MZM-a and MZM-b. The applied
LO voltage V|, = 5.87 V, corresponding to modula-
tion index m = zV, /2V__ = 2.305. Then the lightwave
is coupled to a section of SMF (f,L = -99.5 ps?).
Simulation results are shown in Figs. 6(b), (d), and ().
Note that even-order optical sidebands are fully sup-
pressed (in Fig. 6(a)). Thus, there is less harmonic distor-
tion in temporal waveform (in Fig. 6(d)). The problem of
pulse train’s power oscillation can be solved. Figure 6(f)
shows the electrical spectra of signals after photode-
tection. As shown Fig. 6(f), only the 2nd and the 6th
order harmonics exist. The power difference between
is still 19 dB. Different from the results in Fig. 6(e),
the undesired harmonics (1st, 3rd, and 5th) have been
greatly reduced.

To verify the repetition rate’s tunability, the follow-
ing four cases are considered (according to Fig. 4):
(a) fop = 15 GHz and g,L = -44.2 ps®, (b) f,,. = 20 GHz
and f,L = -24.9 ps*, (c) f.. = 25 GHz and B,L = -15.9
ps’, and (d) f,. = 30 GHz and B,L = —11.1 ps>. Fig-
ures 7(a)-(d) show the simulated temporal waveform
of I(t) at different repetition rates corresponding to the
above four cases. With this good performance can be
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Fig. 7. Simulated temporal waveform of optical intensity with
repetition rates of: (a) 30, (b) 40, (c) 50, and (d) 60 Gb/s.

observed. The repetition rate can be extended to 80
Gb/(s) since LiNbO, modulator with bandwidth 40

GHz is commercially available.

Since our prototype uses a DP-MZM as the key com-
ponent, it is quite necessary to discuss the issue of
bias-drifting problem. As shown in Fig. 1, one typical
DP-MZM has three independent bias voltages. In our
case, all three sub-MZMs are biased at the minimum
transmission point, which should be all set as V . Here
the bias voltage drift ratio is defined as (A V/V )x100%,
where AV is the voltage drift and V_is the half-wave
voltage. To evaluate its impact, a harmonic distortion
suppression ratio (HDSR) is defined as the power ratio
of the 2nd order harmonic and the primary undesired
harmonic. For example, in Fig. 6(e) the HDSR is the
power ratio of the 2nd order harmonic and the 1st or-
der harmonic, which is obtained as HDSR =~ 23 dB.

Since the waveform of I(t) is highly dependent on
HDSR and the relationship between the 2nd and the
6th order harmonics, Fig. 8(a) illustrates the simulated
P, /P, and HDSR versus MZM-a bias voltage drifts
(AV, /V )x100%. Note that P, /P, almost remains
constant and the HDSR declines from 44 to 25 dB
when bias drift is from -10% to 10%. Figure 8(b)
shows the simulated P,,/P,, and HDSR versus MZM-b
bias voltage drifts (AV,/V )x100%. Similar to that in
Fig. 8(a), the power ratio between the 2nd and the
6th order harmonic (P,,/P,,) remains constant. The
HDSR declines from 44 to 25 dB when bias drift is
from -10% to 10%. Figure 8(c) shows the HDSR of
the simulated P, /P, , and HDSR versus MZM-c bias
voltage drifts (AV,/V )x100%. Differing from the volt-
age drift of MZM-a and MZM-b, the HDSR decreas-
es from around 44 to 37.5 dB when bias drift is from
—10% to 10%. In our case, bias voltage deviation is roughly
2 V corresponding to drift of £10%. In practice, the im-
pact of DC-bias drifting can be reduced to a negligible
amount by using a modulator with a large DC V.

In conclusion, a photonic approach to reduce the
harmonic distortion in frequency-doubled triangular-
shaped pulse train generation is proposed and verified
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by simulation. The target pulse train generation re-
quires one DP-MZM followed by a section of SMF. By
setting modulation index m = 2.305 and fiber dispersion
p,L = —1x/8Q2% in Eq. (9), triangular-shaped pulse train
with repetition rate two times of driving frequency
can be generated. Different from previous work, this
approach utilizes a DP-MZM instead of a DD-MZM.
According to the analysis, with proper components con-
figuration and bias control, undesired harmonic distor-
tion can be greatly reduced (from 16% to less than
16%0). Compared with previous approach using a DD-
MZM, it is even unnecessary to adjust the dispersion
coefficient k, since the existing distortion is too small
that no extra procedure is required. It is found that
the power oscillation induced by harmonic distortion
is removed by using our work and when the bias drift

is controlled within 10%, the output pulse train can
be guaranteed with triangular-shaped waveform. The
results also agree well with the theory and other ex-
perimental results, which make this approach more reli-
able in practical use. A disadvantage of our proposal
is the repetition rate’s tunability. Usually, to obtain a
triangular-shaped pulse train with a certain repetition
rate, the dispersion has to be properly chosen according
to Eq. (9). In practice, tuning the dispersion seems to
be quite difficult. Therefore, we have to adjust the CW
laser’s central wavelength, so as to precisely control the
dispersion. As a matter of fact, such a procedure is
quite necessary when driving frequency is pretty high.
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mental Research Funds for the Central Universities (No.
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